Abstract-Dielectric breakdown strength of poly (ethylene-cobutyl acrylate) (EBA) nanocomposites filled with spherical alumina particles was studied as a function of particle coating and relative air humidity. The nanocomposites were prepared from a mixture of EBA formulations (13 wt% butyl acrylate groups content) and alumina powder. The particles were either unmodified or surface-treated with aminopropyltriethoxy silane or octyltriethoxy silane. The filler content studied was 6 wt%. Every material formulation was thoroughly examined under SEM in order to verify homogeneous particle dispersion. Two different relative humidities of air were used for conditioning the samples prior to testing: 0 and 86 % RH.
I. INTRODUCTION
Electrical breakdown strength (EBS) is one of the most important properties of any insulating material. It has been shown that the breakdown strength of common insulating polymeric materials can be improved by adding just a few weight per cent of nano-sized fillers [1 -4] . Filler is said to be nano-sized if at least one dimension is below 100 nm [5] . The increase in EBS is attributed to the role of the interface between the nano-fillers and the host polymer matrix [6] . Achieving good dispersion of nanofillers in the host polymer matrix is one of the great challenges in manufacturing of nanocomposites; another issue is understanding the influence of surface modification of nanofillers on material properties.
In this study poly(ethylene-co-butyl acrylate) copolymer, with 13 wt% of butyl acrylate content is used as host matrix in expectation that polar butyl acrylate groups help to improve the particle dispersion. The matrix was filled with surface modified alumina nanoparticles with a size of less than 50 nm in diameter. Two different surface modifications were investigated in an attempt to understand its influence on dispersion and material properties. Due to time limitations only one filler content of 6 wt% was studied. In this paper these nanocomposites are studied with the help of a short-term DC ramp test. The aim of this work is to understand the influence of the above mentioned surface modifications on the dielectric breakdown strength of the obtained materials.
II. EXPERIMENTAL METHODS

A. Materials
The nanocomposites were prepared at the Department of Polymer and Fiber Technology, KTH, from a mixture of poly (ethylene-co-butyl acrylate) copolymer (EBA), with 13 wt% of butyl acrylate content, aluminium oxide (Al 2 O 3 ) nanoparticles (Nanodur, supplied by Nanophase, USA) and 0.2 wt% antioxidant Irganox 1010. A thorough description of the materials data and manufacturing process can be found in [7] . The base material was filled with either as received alumina nanoparticles ('U' materials) or after surfacetreatment with either aminopropyl triethoxysilane ('A' materials) or octyl-triethoxysilane ('O' materials). In this study only materials with filler content of 6 wt% were tested. The alumina nanoparticles used were almost completely spherical with diameter < 50 nm according to the data from the manufacturer. Examining uncoated particles as received from manufacturer showed that the average particle diameter is ca 45 nm [8] , see Figure 1 . 
B. Sample preparation and conditioning
Tape-shaped films were extruded first and then were further processed into films with thickness of approximately 140 μm by hot-pressing in vacuum conditions in the polymer press model TP 400 from Fontijne Grotnes. The hot-pressing was performed according to the procedure summarized in [7] . Thickness of the obtained films was measured with a digital micrometer model 227-221 from Mitutoyo with measurement accuracy of 4 μm and measurement pressure set at 0.5 N. Finally circular samples of 3 cm in diameter were cut out with the help of a sharp scalpel. Twenty samples per material were produced -ten for the dry study and ten for the wet study.
All samples were dried thoroughly in vacuum conditions for 48 hours at about 50 ⁰C, followed by 24 hours at about 60 ⁰C prior to the measurements in order to remove trapped moisture. For the wet study the samples were conditioned in a desiccator in humid air at 86 %RH. The humidity was set by using a zinc sulphate heptahydrate salt solution (VWR International).
C. OIT Measurements
Thermal stability assessment was based on estimation of the concentration of effective antioxidant in the materials, which in turn was characterized by oxidation induction time (OIT) [9] . The comparison was based on initial OIT values for nondried materials. The higher the values are the more thermally stable is the material.
Full description of the OIT measurements can be found in [9] , here only a short summary will be presented. MettlerToledo DSC-820 was used for measuring OIT on unconditioned samples. This motivates comparison of the OIT data to the results obtained after conditioning in humid environment. The experiment was performed at 200⁰C in oxygen environment. Prior to the start of the measurement each sample was given 5 min to reach thermal equilibrium in nitrogen atmosphere. Two samples were used for each material. OIT data can be found in Table II . 
D. Measurement setup
In this study for a progressive stress test a modification of a standard measurement method for evaluating breakdown strength of films and tapes [10] was used. The chosen rate of voltage ramp was 1200 V/s, corresponding to reaching 60 kV DC voltage in 50 sec. The electrode diameter was kept at 6 mm with edge radius of 1 mm, but no weight criterion on the electrode weight was enforced. A drawing of the modified measurement cell used in this study is shown in Figure 2 .
Measurements were performed with the experimental setup illustrated in Figure 3 . Computer-controlled Hewlett Packard 33120A function generator was used for creating the input signal to the high voltage amplifier TREK 30 kV. The input signal sent to the TREK used in this study was a 70 Hz amplitude modulated sinusoid ramped from 0 to 10 Vpeak in 50 sec. The DC doubler converted the HV TREK output to DC voltage of 60 kV DC voltage ramp across the sample. The voltage across the sample was registered by a Tektronix TDS3052 oscilloscope. Oscilloscope readings with 400 ms per division were retrieved by a computer and stored, allowing 50 sec sequence to be taken with reasonable time resolution. An example of the latter is shown in Figure 4 . 
III. EVALUATION METHODS
A. Weibull statistics
Weibull distribution was chosen in this study as it is commonly used to analyze breakdown data of solid insulation [11] . It can be classified as an extreme value distribution, i.e. the system fails when the weakest link fails. A two-parameter Weibull distribution can be described numerically as shown in Eq. (1.1).
(
where E is the measured electric field strength at breakdown, F(E) is the failure probability at an electric field strength less or equal to t, α is the scale parameter, the breakdown electric field at which the probability of failure is 0.632 β is the shape parameter, describing the spread in the breakdown electric field strength data. The failure probability for each sample was calculated according to Eq. (1.2). Here n stands for the number of samples and i is the rank (between 1 and n) assigned to each sample after the breakdown electric field strengths were sorted in ascending order. 
Parameter α is then used for comparison between different materials.
B. Error calculation
Error analysis was based on the estimation of a 90% confidence interval for the parameter α, which is estimated according to [11] by obtaining the lower and upper bounds for α as shown in Eq. (1.4). Values for Z l and Z u are obtained from the confidence interval tables (presented in Figures A.16 and A.17 in [11] ) and are calculated using Monte-Carlo method with estimated accuracy of 1% for 4 < n < 20. 
IV. RESULTS AND DISCUSSION
The breakdown strength data is summarized in Figure 5 and Tables I and II. The following trends can be identified:
1. Dry 'A' nanocomposite is characterized by the highest breakdown strength among the tested materials (> 458 kV/mm). Only three samples out of ten broke down. This could be due to the highest silane coverage in comparison to the other nanocomposites, see Table I . 2. The differences between the breakdown strength values for the remaining nanocomposites and the reference unfilled material in dry conditions are very small. This probably should be expected considering the results obtained earlier from the dielectric spectroscopy measurements [7] . This was also found in the literature, e.g. for silica filled epoxy by Castellon et al. [12] . 3. Conditioning the samples in a humid environment results in a reduction of breakdown strength. This should be expected as, for instance, it was reported that increasing humidity leads to increasing conductivity which in turn causes higher temperature rise at the breakdown point and consequently breakdown at lower fields [13] . The reduction in breakdown strength is more pronounced for the nanocomposite materials, while there is almost no change in breakdown strength for the reference unfilled material. Considering that the same amount of moisture was absorbed by the reference unfilled material as well as 'A' and 'O' nanocomposites (see Table II ) and comparing the reduction in corresponding breakdown strength (see Figure 5 ) it can be argued that is in the case of nanocomposite material the water is absorbed into the interface between the nanoparticles and the base polymer material. This would result in more conducting areas around the nanoparticles leading to weakening of the interfacial area and lower the breakdown strength. 4. There seems to be a correlation between the breakdown strength of the wet samples (α wet ) and the thermal stability of the materials (OIT), as well as between the reduction of the breakdown strength after conditioning in wet environment and the OIT values, see Table II . Here, it is important to note the error margins for the OIT values, which is ±2 min, resulting in almost the same OIT values for REF and 'A' samples. The thermal stability values are compared to the breakdown strengths for wet samples as materials studied in [9] were not thoroughly dried prior to the experiment. The trend for the higher breakdown strength for higher thermal stability of the materials is quite plausible as a breakdown is associated with local heat generation. 5. Comparing the scatter in breakdown strength data, calculated according to Eq. (1.4), it can be seen that the nanocomposite materials seem to be more predictable in comparison to the reference unfilled material, see Table  II . 6. The 'U' nanocomposite is most prone to the influence of the absorbed moisture, which should be expected from the water absorption study, see Table II . 
V. CONCLUSIONS
It can be concluded that the 'A' nanocomposites had the highest breakdown strength in dry conditions among the materials studied. After the conditioning in wet environment the 'A' nanocomposites were also characterized by almost the same breakdown strength as the reference unfilled material. This makes it the most successful material formulation out of the materials in this study. This also indicates that the EBS of a nanocomposite can be increased in comparison to a reference unfilled material by using an appropriate coating of the nanoparticles (e.g. amino treatment in this study). The differences between the breakdown strength values for the majority of the nanocomposites studied and the reference unfilled material in dry conditions are very small.
Conditioning the samples in a humid environment results in a reduction of breakdown strength.
There seems to be a correlation between the breakdown strength of the wet samples (α wet ) and the thermal stability of the materials (OIT), as well as between the reduction of the breakdown strength after conditioning in wet environment and the OIT values. The nanocomposite materials seem to be more predictable in comparison to the reference unfilled material.
Materials filled with uncoated nanoparticles are most prone to the influence of humidity.
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